
ORIGINAL PAPER

Controlled stripping of aluminide coatings on nickel superalloys
through electrolytic techniques

B. Bouchaud Æ J. Creus Æ C. Rébéré Æ
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Abstract Aluminide diffusion coatings are widely

employed to improve the oxidation and/or the corrosion

resistance of highly added value turbine components

operating in harsh environments at high temperatures.

Refurbishment of such components requires appropriate

removal of worn coatings and of the corrosion products

layer—usually an oxide scale. Stripping is mostly carried

out using hazardous chemical baths of limited reliability. In

this work, an alternative stripping method based on elec-

trochemical techniques has been carried out at laboratory

scale for CVD Al diffusion coatings on a directionally

solidified Ni base superalloy. Both the galvanostatic and

the potentiostatic modes have been investigated. Prior to

them, in situ gas bubbling induced by cathodic polarization

seems to be an effective way to remove the superficial

oxide scales. Measuring the open circuit potential during

the experiments allows easy monitoring of the progress of

the selective dissolution of the different layers. Complete

removal of the aluminide coatings is indicated by potential

values similar to those of the substrate. The correlation

between the electrochemical features and the surface state

after stripping has been carried out by scanning electron

microscopy (SEM), energy dispersive spectrometry (EDS)

and X-ray diffraction (XRD). The electrochemical

approach is a promising means to strip out surfaces in a

selective and reliable manner.
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Electrochemical stripping � Galvanostatic and
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1 Introduction

In order to increase the lifetime and/or the operating tem-

perature of turbine components, aluminide coatings are

becoming a key factor to improve the corrosion/oxidation

resistance at high temperatures of Ni-base superalloys

through the formation of a continuous, adherent and slowly

growing alumina scale [1–5]. However, the strongly

aggressive environments [6–9] lead to Al depletion by

spalling of the alumina scale due to thermal cycling and by

interdiffusion into the substrate [10–12]. This can result in

breakaway and enhanced corrosion and oxidation, hence in

loss of the protectiveness provided by such coatings [4, 13,

14]. For high added value components, the removal of the

defective oxide layers and worn coatings is required prior

to the refurbishment and recoating operations. The strip-

ping processes thus require effective and reliable removal

of the superficial layers while maintaining the integrity of

the underlying superalloy substrate as it must ensure the

mechanical performance of the component.

Mechanical processes [15, 16] such as machining,

grinding, polishing or blasting have been shown to be

efficient to remove surface products but the components

surfaces are subjected to local and intense deformation

[17]. Therefore, coatings removal is typically performed

using chemical baths, mainly composed of a combination

of strong oxidizing reagents (e.g. (NH4)6Mo7O24, 7H2O,

K2Cr2O7) and very strong acids (e.g. HF, HNO3) that may

degrade the superalloy substrate [e.g. 18, 19]. Furthermore,

most of these chemicals are toxic and carcinogenic [20].
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Another method [21] consists in a mixture of inorganic

acid (e.g. HCl) and an organic solvent (e.g. C2H5OH) to

temper the stripping reactivity towards the substrate. This

method leads to a good state of the stripped surface but

some pitting corrosion of the uppermost surface may occur

because of the chloride ions. Some other recent environ-

mentally friendly and soft chemical stripping approaches

have been discussed in the literature [22] but like any other

chemical method they are not selective enough. However,

the electrochemical stripping approach has been shown to

be rather selective [23] to remove PVD CrN deposited

from tool steel using alkaline electrolytes. The group of de

Damborenea [24] also investigated the electrolytic removal

of monolayers and mutilayers based on CrN and underlined

the ease of monitoring the dissolution process. Using X-ray

photoelectron spectroscopy (XPS), the authors also

described the mechanisms of galvanostatic stripping [25].

In the case of aluminised Ni superalloys, only one work has

been reported to strip part or a full component by imposing

a current (i.e. using the galvanostatic method) in an elec-

trolyte composed of inorganic acids and NaCl to increase

the conductivity of the electrolyte [26]. However, the

analytical methodology has not been fully explained nor

the potentiostatic route discussed.

In this work, an alternative electrochemical stripping

method based on a strong oxidizing inorganic acid, a pit-

ting agent and a number of complex inorganic molecules

providing high electrical conductivity is presented to

selectively remove the oxide scales and the CVD-alumi-

nide coatings on a directionally solidified Ni-base

superalloy using galvanostatic and potentiostatic approa-

ches. Analytical monitoring is carried out after each

dissolution step, i.e. upon the stripping process itself. The

methodology to remove efficiently such surface products is

discussed in terms of the electrochemical dissolution

charge and the results are confirmed using SEM/EDS and

XRD.

2 Experimental

2.1 Samples

The substrates were 12.5 mm diameter and 1.3 mm thick

discs of a directionally solidified (DS) Ni-base superalloy,

whose nominal chemical composition is given in Table 1.

The specimens were aluminised using current SIFCO

Turbine Components CVD procedures at 1,050 �C for 6 h

to produce the NiAl intermetallic compound on the addi-

tive layer.

2.2 Oxidation of the aluminide coated material

The aluminised specimens were cyclically oxidised in a

muffle furnace for a period of 24 h intervals up to 240 h at

1,100 �C. Cooling took place rapidly from the oxidising

temperature to room temperature. In contrast to standard

testing [27] using short dwell times, this cycle was chosen

to promote the interdiffusion of the coating elements to

deplete the Al reservoir. It also aimed at inducing cracking

of the alumina oxide scale because of growth and thermal

cyclic stresses [12, 14].

2.3 Microstructural characterisation

The plan view and cross section coating microstructures

were investigated by electron microscopy in the secondary

electron and backscattered electron modes in a high vac-

uum JEOL 5410LV SEM with a coupled Rontec detector

to perform EDS elemental microanalysis. Accurate analy-

ses of the oxidised samples were performed in a Field

Emission Gun FEI Quanta 200 F apparatus at 0.90 mbar to

reduce the blurring effect of the non conductive alumina

scales developed on the surface. A nickel electroless

(Buehler) deposit was realised to protect the oxide scale

from spalling during the metallographic preparation for

cross-sectional studies. The efficiency of stripping was also

monitored by XRD in a BRUKER AXS D8 Advance

apparatus using CuKa radiation in the h–2h configuration.

Probing of superficial oxide scale was also performed by

XRD at 3� glancing incidence (GIXRD). Assessment of the

diffracting species was performed using DIFRACplus

software.

2.4 Electrochemical features

The electrochemical stripping tests were carried out using a

conventional three-electrode cell. It consisted in a Satu-

rated Calomel reference Electrode (SCE) surmounted by a

Luggin extension, a platinum Counter Electrode (CE) and

the samples as the Working Electrode (WE). The average

immersed area of the samples was about 3 cm2. The

experiments were performed using a Princeton Applied

Research Potentiostat/Galvanostat 263A monitored by the

SoftCorr III software.

The chemical composition of the stripping bath is con-

fidential but must contain at least a strong oxidizing

Table 1 Nominal chemical composition of the directionally solidi-

fied substrate (at. %)

Ni Cr Co Mo W Ta Re Hf Al

60 8 12 1 1.5 2 1 0.5 14
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inorganic acid (preferably from group XV of the Periodic

Table), a pitting inorganic agent (preferably containing

anions from the group XVII) to pierce the passive film that

the aluminide coating forms in contact with the electrolyte

and a number of complex inorganic molecules (preferably

containing cations of the transition metals group) providing

high electrical conductivity upon their dissociation in the

water-based solution. Also, the dissociation of the complex

inorganic molecules can result in the formation of strong

reducing cationic species that can be complexed with the

anions of group XVII allowing buffering of the dissolution

rate of the metallic surface. For this to happen, the pH of

the bath must remain strongly acidic (pH \\ 1). The

stripping tests were realised at room temperature. The

electrochemical behaviour of the samples in the baths was

analyzed by cyclic polarization curves sweeping from a

potential of -1 V/SCE to 2 V/SCE at a 20 mV s-1 rate

and then the reverse polarization to -1.5 V/SCE. The open

circuit potential (o.c.p.) measurements allowed the material

behaviour and its capacity to form a stable passive film to

be monitored. The electrochemical features were deter-

mined using the Tafel method. Both potentiostatic and

galvanostatic tests were performed based on the existing

potential differences between each phase present in the

scale/coating/substrate system.

Before and after immersion in the stripping baths, the

samples were cleaned in an ultrasonic bath of ethanol and

subsequently dried with tangential hot air. Thereafter, they

were weighed in a 10-5 g accurate Precisa XR205SR-DR

balance in order to estimate the mass loss, hence the

removed coating thickness.

3 Results and discussion

3.1 Coatings features

Figure 1 shows the structure and composition profile of the

as-deposited aluminide coatings. The coating has the typical

bi-layered morphology of an outwardly grown coating [e.g.

28] with the homogeneous additive layer on top and the

interdiffusion layer underneath. The EDS profiles suggest

the major formation of NiAl and of Ni3Al at the additive and

the interdiffusion layers, respectively. Moreover, local

increases of the refractory element contents in the interdif-

fusion layer are normally ascribed to carbides and/or to

topologically closed-packed phases (TCP) precipitation

[29–31], which may subsequently exert an influence on the

electrochemical stripping.

After cyclic oxidation at 1,100�C for 3 cycles (72 h in

hot air), a heterogeneous oxide scale appears with spalled

areas, cracking and nodule formation from oxygen inward

diffusion (Fig. 2a). The chemical composition (Fig. 2b)

also evolves significantly with the Al and Ni profiles flat-

tening across the whole additive layer and half the

interdiffusion layer. An increase of refractory elements at

the interdiffusion layer occurs [30–33]. The b-NiAl to c0-
Ni3Al transformation indicated by the bright contrasted

areas occurs underneath the oxide scale and at the inter-

diffusion layer and implies Al depletion in such areas. Such

cross section heterogeneities and the surface cracking and

spallation may allow the electrolyte to permeate through

upon stripping. The differences in chemical composition

allow modification of the electrochemical potential of each

phase and hence selective stripping.

The XRD patterns depicted in Fig. 3 confirm the previous

observations. They indicate the single peak associated with

the uncoated directionally solidified substrate, the three main

peaks associated with the NiAl phase of the as-deposited

coating and other peaks related to the a-Al2O3 oxide scale,

NiAl and the Ni3Al contribution from the NiAl ? Ni3Al

transformation of the coating after 72 h (3 cycles) of oxi-

dation. Such patterns can be employed as references to

survey the surface state after each stripping batch.

3.2 Electrochemical characterisation

The effect of the electrolyte concentration plays a key

factor on the stripping efficiency. Indeed, the coating

should undergo uniform dissolution while leaving the

0 10 20 30 40 50 60 70 80

0

10

20

30

40

50

60

70

C
o

m
p

o
si

ti
o

n
 / 

at
. %

Distance from the surface (µm) 

 Al     Hf
 Cr     Ta
 Co     W
 Ni     Re

Additive layer Interdiffusion layer Substrate

(a)
(b)
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substrate unattacked. To this end, the ratio of the more

active constituents was left constant and only the water

content was progressively increased. The pH obviously

increased with dilution but remained strongly acidic (pH

B 1) to ensure the stability of the reducing cation species.

The conductivity dropped to about 95 mS cm-1 for the

strongest (1/16) dilutions. Without any dilution, the sam-

ples were extensively attacked and pitted, undergoing

significant mass losses. However, progressive dilution

tended to moderate the attack (dissolution kinetics) of the

substrate as shown in Fig. 4 (for the sake of clarity, only

the ongoing sweep is plotted). The main electrochemical

features deduced from these curves are gathered in Table 2.

The reverse potential Erev measured during the reverse scan

gives information on the stability of the corrosion products

developed on the sample surface, hence on the likely

degradation of substrate.

In particular, the anodic branches show that the strong

dissolution peaks fade with dilution as the surfaces become

oxidised (passsivated). The undulations can be ascribed to

combined cycles of corrosion and passivation of the sur-

face. These cycles tend to disappear with the increase in

water content, i.e. the passive domain broadens. This may

allow stripping of the coating in a selective manner without

altering the superalloy substrate. Moreover, some gas

bubbling occurs in the cathodic domain probably from the

hydrogen evolution reaction (HER). For the weakest dilu-

tions (1/2 and 1/4), the current densities are the highest and

therefore can still result in a significant degradation of the

substrate and may not allow precise stripping control.

Similarly, the transpassive domain is reached at about

600 mV vs. SCE leading to pitting corrosion. This overlaps

with the water oxidation reaction at about 800 mV vs.

SCE. The reverse scanning (not shown) follows a hyster-

esis for high anodic potentials and a strong shift of the

reverse potential towards more cathodic potentials. In

contrast, for the strongest dilution (1/16), there is no such

transpassive domain and only the water oxidation reaction
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becomes significant from 800 mV vs. SCE. With 1/8

dilution, limited transpassivation appears. The reverse scan

confirms the stability of the passive film with a higher

reverse potential. Because of the electrochemical passivity

of the raw substrates in the electrolytes diluted by 1/8 and

by 1/16, these baths were retained in the following to

characterise the electrochemical behaviour of both the

coated and oxidised coated substrates.

The characteristic shape of the polarization curves of the

coated substrates for the strongest dilution factors is plotted

in Fig. 5 (reverse scan not shown) and the electrochemical

characteristics are given in Table 2. The corrosion poten-

tials (Ecorr) of the coated specimens are lower than the Ecorr

of the raw substrate. Also, for high anodic potentials

(E [ 0), higher current densities are registered especially at

1/8, which allow uniform dissolution of the coating while

maintaining the integrity of the substrate. In both cases,

during the reverse scan a slight hysteresis and a shift of the

reversible potential towards more cathodic potentials may

induce surface roughness.

Before testing the electrochemical behaviour of the

oxidised coated substrates, a cathodic polarization proce-

dure at -0.4 V vs. Eo.c.p. for 15 min was carried out to

remove the outermost oxide scale. After the cathodic

polarization, the X-ray patterns exhibit no remaining peaks

characteristic of a-Al2O3. Owing to the HER, hydrogen

bubbling leads to the removal of the whole oxide scale over

the surface of the samples hence eliminating the need for

typical sand blasting operations before stripping. Once the

upper oxide layer has been removed, the shapes of the

curves are similar to those of unoxidised coated substrates

with relatively different corrosion potentials as shown in

Table 2 because of the NiAl to Ni3Al transformation of the

coating after oxidation (Fig. 3). This clearly shows the

selectivity of the process as opposed to the chemical

stripping methods.

The dilution by 1/8 brings about a larger passivity

domain of the raw substrate and is nobler than in the 1/16

bath (DEcorr = +50 mV), and the coated and the oxidised

coated substrates also show higher corrosion current den-

sities than the raw superalloy. Therefore, only the 1/8

electrolyte will be studied in the following stripping

experiments.

3.3 Electrolytic stripping

3.3.1 Galvanostatic process

The stripping process studied consisted in a combination of

cathodic polarization, allowing removal of the oxide scale

through the HER and the mechanical effects induced by

bubbling of this gas, followed by anodic polarization

inducing the dissolution (enhanced corrosion) of the coat-

ing. The open circuit potentials (o.c.p.) were measured

before and after each stripping step to provide information

on the surface state hence on the progress of the

dissolution.

Using Faraday’s law (Eq. 1), the surface dissolution

charge to dissolve a thickness ‘‘e’’ of the coating can be

calculated, assuming that the coating is mainly composed

of Ni3Al phase—matrix of the interdiffusion layer and

bright contrasted areas of Fig. 2a—after oxidation.

Dm ¼ qNi3Al � e� S ¼ qF �
MNi

nF
� Q ð1Þ

where Dm is the mass loss, MNi the mass of nickel

(58.69 g mol-1), qNi3Al the density of the aluminide coat-

ing (8.07 g cm-3), e the thickness of coating, S = the

sample electroactive area, n the number of electrons

exchanged during the dissolution of the main element, F

the Faraday constant (96500 C), Q the dissolution charge

and qF the Faradaic yield.

Table 2 Summary of the major electrochemical features in the

diluted stripping baths

Bath Ecorr vs.

SCE/mV

icorr/mA

cm-2
Erev vs.

SCE/mV

irev/mA

cm-2

Raw substrate 1/8 -85 0.6 530 0.2

1/16 -135 0.6 660 0.1

As-coated 1/8 -215 10 -235 6

1/16 -215 2 -265 1

Oxidised coating 1/8 -180 3 -250 3

1/16 -200 0.5 -260 2
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Fig. 5 Characteristic-shaped polarisation curve obtained on the

aluminised substrate immersed in the stripping baths for the strongest

dilution factors (SR = 20 mV s-1). Similar trend for the coated and

oxidised samples
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The surface dissolution charge can then be given by Eq.

2:

QS ¼
Q

S
¼

qNi3Al � e� nF

qF �MNi

ð2Þ

The total dissolution charge estimation is related to

Faraday’s law (Eq. 2) assuming that the yield is not higher

than 75%. This dissolution charge can be fully applied in a

single step. However, better process control is obtained by

applying small charge steps followed by o.c.p.

measurements to monitor stripping after each step.

Concurrent evolution reactions may however reduce

further the Faradaic yield and need also to be considered

in the full assessment.

According to Fig. 6, the threshold current density is

about 0.1 A cm-2. Overpotentials could lead to water

breakdown (Eq. 3), which may enhance dissolution of the

coating (Eq. 4), thus bringing about a decrease in Faradaic

yield. Indeed, the oxygen evolution reaction at the surface

may form a barrier of oxygen bubbles that reduces the

electroactive area in contact with the electrolyte thus

leading to uneven dissolution of the coating. Therefore,

according to Eq. 2, an increase in total dissolution charge is

required.

2 H2O! O2 + 4Hþ + 4e� ð3Þ

M! Mnþ þ ne� ð4Þ
The o.c.p. evolution during the galvanostatic stripping

(QS = 180 C cm-2) is given in Fig. 7. Before stripping

(Fig. 7a), the Eo.c.p. values stabilise at about -208 mV vs.

SCE, in agreement with the previous results for the oxi-

dised coatings. After stripping, the Eo.c.p. values (about -

190 mV vs. SCE) get closer to those of the raw substrate.

Such o.c.p. increase can be ascribed to the active dissolu-

tion of the coating during the experiment.

After stripping, the XRD patterns confirm the disap-

pearance of the alumina scale. Most of the peaks

correspond to the Ni3Al, carbides and TCP phases of the

interdiffusion layer and a weak signal from the substrate.

This indicates that the Faradaic yield is lowered because of

electrical losses in the experimental set-up and of concur-

rent chemical reactions. Among the latter, the major loss

arises from the initial complexation of the cationic species

with the anions of group XVII that require a significant

number of electrons to destabilize the complex, hence to

release enough pitting anions and reducing cations.

Therefore, the total dissolution charge needs to be

increased, i.e. further cathodic/anodic steps are required.

With a higher value of QS (QS = 204 C cm-2) the Eo.c.p.

stabilises at -180 mV vs. SCE (Fig. 7b). This means that

the fraction of dissolved coating is higher and therefore the

o.c.p. tends to that of the raw substrate. Indeed, the relative

intensity of the only XRD peak of the raw substrate with

respect that of Ni3Al and the carbides and TCP phases

(unlabelled) is more important (Fig. 8).

The SEM top view and cross-sections micrographs

correlate well with the observed differences. At low QS,

only part of the additive layer has been fully removed

whereas at increased QS values, the dissolution of the

coating is almost complete (Fig. 9a and b). Therefore, an
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assessment of the total dissolution charge is required while

designing the stripping procedure and this can be easily

adjusted by monitoring the open circuit potential of the

samples.

Another goal of stripping is to produce relatively flat

surfaces. However, the galvanostatic mode has been shown

to produce relatively rough surfaces (Fig. 9c). This is

mostly due to the dissolution mechanisms themselves.

First, dissolution occurs selectively based on the potential

differences between the layers and the phases across the

coating. Once some phases are preferentially dissolved, a

heterogeneous distribution of the current density lines

appears at the electrolyte/samples electroactive area inter-

face. Such lines concentrate mainly on narrow thin surface

defects and/or heterogeneities thus leading to pronounced

dissolution. This may compromise the application of the

galvanostatic mode in complex geometries such as the

actual turbine blades. Therefore, a second approach has

been investigated using the potentiostatic mode likely to

favour a better charge distribution over the samples sur-

face, hence to promote stripping homogeneity and

relatively flat surfaces.

3.3.2 Potentiostatic process

The potentiostatic mode consists in applying a potential,

where the substrate is in its passive domain while the

coating undergoes a uniform dissolution. According to

Fig. 6, potential values of +500 mV vs. SCE seem to fulfil

this requirement. As with the galvanostatic mode, the

cathodic polarization followed by anodic dissolution steps

were repeated until a potential value close to the one of the

raw substrate was reached.
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The Eo.c.p. and the current density evolution during the

stripping process are given in Fig. 10a and b, respectively.

After the first step, the Eo.c.p. values stabilise at about

-205 mV vs. SCE, which is close to the originally oxidised

coated substrate. Then, after the second step, a significant

increase in potential occurs, which can be ascribed to the

effective removal of the oxide scale. Subsequent cathodic

polarization/anodic dissolution steps brings about an

increase of the Eo.c.p. in a more even manner. Simulta-

neously, during the first step, the current density increases

rapidly, then stabilises at about j = 0.13 A cm-2. With

such current density, the coating enters in its active dis-

solution domain (see Fig. 6). Thereafter, by increasing the

number of steps a decrease in current density progressively

occurs. The solution enters into contact with the successive

layers until the substrate is reached (step 6). At that point

the current density is about 0.06 A cm-2 and the Eo.c.p.

value is about -160 mV vs. SCE, which is closer to that of

the raw superalloy substrate.

Indeed, the diffractogram given in Fig. 11 shows that

the main contribution comes from the substrate. Only a few

small peaks from Ni3Al, carbides and TCP phases (the 2

latter unlabelled) in the coating are still present. This is

confirmed in the SEM surface and cross section inspections

(Fig. 12), in which the typical c/c0 microstructure of the

superalloy substrate is present together with a number of

TCP precipitates. The remaining thickness of the interdif-

fusion layer is less than 10 lm and is therefore acceptable

for subsequent refurbishment operations [32]. It seems

therefore that the potentiostatic mode allows stripping in a

more homogeneous and selective way than the galvano-

static mode.

4 Summary and conclusions

Stripping tests of a directionally solidified Ni-base superal-

loy, uncoated, coated and coated and oxidised at high

temperatures have been carried out using an electrochemical

approach. The method is based on the differences in the
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electrochemical potential among the various layers and

phases. Electrochemical characterisation allows selection of

the appropriate dissolution conditions from strongly acidic

solutions of high electrical conductivity. The solutions tested

contained a strong oxidizing acid, a pitting agent and a

number of complex inorganic molecules which buffer the

dissolution rate. Selective removal of the oxide scales and the

eventual passive films can be undertaken in situ by imposing

a cathodic potential that induces hydrogen reduction and

bubbling. Thereafter, either galvanostatic or potentiostatic

modes dissolve the underlying coating. Application of the

galvanostatic mode requires careful assessment of the Far-

adaic yield because the complexation phenomena in the bath

must be considered and a significant amount of electrons

must be employed to destabilize the complex, hence to

release the reducing cations and pitting anions required in the

process. Also, electrical losses occur due to the uneven dis-

tribution of the current lines in. As a result, the stripped

surfaces look rougher compared to samples stripped in the

potentiostatic mode. In contrast, for the same time of pro-

cessing (number of steps), the potentiostatic mode dissolves

the coating in a more even manner. Regardless of the mode,

the stripping can be monitored in situ by measuring the Eo.c.p.

after each removal step. The process is completed when the

Eo.c.p. is close to that of the raw superalloy substrate. The

electrochemical results are supported by XRD and SEM

observations. It can therefore be concluded that the electro-

chemical technique offers great dissolution selectivity and

reliability.
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